ABSTRACT
INTRODUCTION
The Himalayan catchments contribute large quantity of snowmelt flow, particularly during dry season (Chaulagain, 2015) . The hydrology of this river is, thus, expected to be more susceptible to climate change because of its effects on the seasonal, altitudinal and latitudinal shift in freezing line (Jones, 1999) . It is because of the impacts of rising temperature, which is more likely to decrease the amount of snowfall over most of the Himalayan regions combined with more rapid melting at lower altitudes and latitude, and reducing snow cover durations (Singh and Bengtson, 2004) . As the temperature goes up, ratio of snowfall to rainfall declines, which adversely affects the water storage capacity of the Himalayan catchment in two ways: firstly, it will create a direct runoff and contribute in possible flooding, and secondly, it will accelerate the process of snow and ice
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melting (Chaulagain, 2006) . Furthermore, decrease in snow-to-rain ratio brings wetter monsoon and drier low flow seasons, which would adversely affect the hydropower potential of mountain rivers (Agrawala et al., 2003) . Bohner and Lekmkhul (2005) predicted that there was a probability of decrease in snow cover area by 43-81% by 2100 with an increase in temperature by 1-6°C at higher elevation in Asia. Mirza and Dixit (1997) stated that a 2°C rise in temperature would cause a 4% decrease in runoff, while a 5°C rise in temperature and 10% decrease in precipitation would cause a 41% decrease in the runoff of the Ganges River. Qin (2002) concluded that with a 2°C increase in temperature by 2050, 35% of the present glaciers would disappear and the runoff would increase, peaking between 2030 and 2050 in western China. The runoff for the most glaciated sub-catchments of the Himalayan region (glaciation ≥ 50%) may attain peaks of 150 and 170% of initial flow around 2050 and 2070 in the west and east respectively before declining until the respective glaciers disappear in 2086 and 2109 (Rees and Collins, 2006) . All these studies show that climate change is going to significantly affect the runoff in the snow-fed rivers.
For sustainable management of the water resources under the impact of climate change, better assessment and understanding of snowmelt contribution in river runoff has thus become very demanding (Abudu et al., 2012) . Suitable hydrological models are generally used to explore the snow-melt dynamics in the catchment. Since snowmelt is the result of different heat transfer process in the snow pack, generally two types of models for snowmelt studies have been adopted worldwide, viz., Energy balance model and Temperature index or degree day models (Richard et al., 2001; Prashad and Roy, 2005; Konz et al., 2006; Aggarwal et al., 2014) . Energy balance model is ideal for understanding the melting process. However, it requires large data sets and it is rarely utilized for large-scale modeling studies (Bash and Marshall, 2014; Aggrawal et al., 2014) . On the contrary, degree day model, which requires less data, is widely used to catchment or regional scale snow and glacier melt studies (Kayastha et al., 2005; Prashad and Roy, 2005; Li et al., 2008) . This model utilizes the air temperature expressed in degree day for computing the snow melt.
This research paper assesses the hydrological phenomena in the five sub-basins of the Koshi River Basin, which are the repositories of snow and glaciated ice, lying in the Himalayan region. Snowmelt Runoff Model (SRM) (Version 1.12, 2009), which is basically a temperature index model originally developed by Maritnec (1975) , was used that integrates climate data with remote sensing and Geographic Information System (GIS). For assessing the changes in total flow under climate change scenarios, daily bias-corrected temperature and precipitation data of PRECIS-ECHAM05 and HadCM3 were used to simulate the future runoff. In this study snowmelt includes melt from combined form of snow lake ice, lake and precipitation in the form of snowfall.
STUDY AREA
The study was carried out in the Koshi River Basin lying in the Himalayan region. The study area is divided into five sub-basins, viz., Tamor, Arun, Dudhkoshi, Tamakoshi and Sunkoshi, which are located from the east to the west of the Koshi basin. Out of these five subbasins, Arun, Tamakoshi and Sunkoshi has its Journal of Hydrology and Meteorology, Vol. 9, No. 1 SOHAM-Nepal SOHAM-Nepal catchment area in China. The study sub-basins are situated from the lowest elevation of 432 m to high mountainous region above 7000 m with large area of perennial snow and ice. The physical characteristics of each sub-basin and hydro-meteorological information are given in Table 1 and Figure 1. 
METHODOLOGY
The Snowmelt Runoff Model (SRM), a conceptual, lumped, degree-day based model initially developed by Martinec in 1975 was used in this study to simulate runoff from five sub-basins of Koshi River Basin. The model simulates the daily runoff with an input of precipitation, temperature and snow cover data. The daily discharge is computed using the following equation.
Methodology
………… (1)
Where Q is average daily discharge (m 3 /s); is runoff coefficient for snowmelt; is runoff coefficient for rainfall; a is degree day factor (cm/ ˚C/d); T is number of degree days (°C); ∆T is the temperature adjustment which is done by temperature lapse rate for different elevation zones (°C); S is ratio of the snow covered area to the zonal area; P is precipitation (cm); A is area of the basin or elevation zone/band (km 2 ); k is recession coefficient indicating the decline of discharge in a period without snowmelt or rainfall; n is sequence of days during the discharge computation period; and 10000/86400 is a conversion factor from runoff depth to discharge. It is noted here that T, S, and P in equation (1) are three model variables while a, Cs, C R , ∆T and k are parameters. T CRIT and the lag time (L) are other two additional parameters needed to be estimated while using SRM model. The simulation by the model is evaluated through Nash Sutcliffe coefficient of Efficiency (NSE) and percentage of volume difference ( ) and also through visual inspection of measured and simulated discharge.
Generally closer the NSE value to 1 and to zero, the more precise is the model simulation.
Data input
Two types of data, viz., hydro-meteorological and geo-spatial data are required for model
Where Q is average daily discharge (m 3 /s); c sn is runoff coefficient for snowmelt; c Rn is runoff coefficient for rainfall; a is degree day factor (cm/ ˚C/d); T is number of degree days (°C); ∆T is the temperature adjustment which is done by temperature lapse rate for different elevation zones (°C); S is ratio of the snow covered area to the zonal area; P is precipitation (cm); A is area of the basin or elevation zone/ band (km 2 ); k is recession coefficient indicating the decline of discharge in a period without snowmelt or rainfall; n is sequence of days during the discharge computation period; and 10000/86400 is a conversion factor from runoff depth to discharge. It is noted here that T, S, and P in equation (1) are three model variables while a, Cs, C R , ∆T and k are parameters. T CRIT and the lag time (L) are other two additional parameters needed to be estimated while using SRM model. The simulation by the model is evaluated through Nash Sutcliffe coefficient of Efficiency (NSE) and percentage of volume difference (D v ) and also through visual inspection of measured and simulated discharge. Generally closer the NSE value to 1 and D v to zero, the more precise is the model simulation.
Two types of data, viz., hydro-meteorological and geo-spatial data are required for model setup. The hydro-meteorological data includes temperature, precipitation and discharge data, which is obtained from the Department of Hydrology and Meteorology (DHM) of Nepal. Besides observed precipitation data, a daily gridded precipitation data of Asian Precipitation Highly Resolved Observational Data Integration Towards Evaluation of Water resources (APHRODITE) for the period of 2000-2007 was also used for Arun sub-basin due to inadequate coverage of meteorological stations in that basin. Two Regional Climate Models of PRECIS-ECHAM05 and PRECIS-HadCM3 data were obtained from DHM Data Portal, which are based on IPCC SRES A1B scenario. Power transformation approach (Terink, et al., 2010; NDRI, 2013) for the bias correction of precipitation data was used in this study. Moreover, a delta change method as discussed by Leadner and Buishand (2007) was used for correcting biases in the temperature data.
A Moderate Resolution Imaging Spectroradiometer (MODIS) derived snow cover data was used in this study. The data set used is L3 global 500 m grids, a daily product from both MOD10A1Aqua and Terra Version (Gurung et al., 2011) that were extracted for the period of 2000 to 2011. In Nepal, precipitation as snowfall is considered at an elevation above A. Khadka, L. P. Devkota, R. B. Kayastha SOHAM-Nepal 3000 m (WECS, 2011). Thus, snow cover area above this elevation is only used as a model input.
The geo-spatial data includes digital elevation model (DEM) and remotely sensed satellite data of snow cover. The Advanced Space borne Thermal Emission and Reflection Radiometer (ASTER) DEM with 30 m spatial resolution was used in this study to delineate catchment boundaries and for reclassifying it into desired elevation bands. In this study, each sub-basin is divided into different elevation bands with an equal interval of 500 m above 3000 m and approximately by 1000 m below it. The numbers of elevation bands, thus, generated in each subbasin, are given in Table 1 .
Estimation of variables and parameters (i)

Temperature and Precipitation
An average of maximum and minimum air temperature was used in the model. The available temperature data in the basin was lapsed with hypsometric mean elevation of the zone and this extrapolated temperature data was used to estimate the daily snowmelt depth for each elevation band.
Precipitation was found to be a function of altitude in the snow and glacier dominated catchment in Nepal (Higuchi et al., 1982) . Studies conducted in Langtang Valley showed that precipitation at the elevation of 5000 m was 1.3 times greater than that at 4000 m (Seko, 1987) . The Equation (2) that relates precipitation with elevation, developed by Seko (1987) , has been generally used in Nepal (Kayastha, 2005) . So Equation (2) was used in this study to estimate the zonal precipitation for all sub-basins except for the Arun river basin where APHRODITE data were used.
Where, P j,n is precipitation at hypsometric elevation h j of the zone n and P BH is the precipitation at base station. It is noted here that if multiple stations within an elevation zone were present, precipitation data was estimated as an average of daily precipitation records from those multiple stations within that zone for P BH
(ii) Snow cover area (SCA)
The snow cover data derived from MODIS/ MOD10A1 data set from the year 2000 to 2011 for the five sub-basins was plotted ( Figure 2 ) to see if there is any annual trends in snow cover area. The figure shows annual variation of snow cover area in each sub-basin. However, no clear trend is visible. Singh et al. (2011) also indicated that the SCA for Hindu Kush Himalaya (HKH) region was more or less stable. Since this short term data could not provide a distinct trend, no annual changes in SCA was assumed. Lapse rate in the mountain terrains shows great diurnal and seasonal variations around the mean (Barry, 1990) , ranging from 5.0 to 7.0 °C/km (Panday et al., 2013; Prasad and Roy, 2005) . Due to scarce climatological station within the basin, a global mean lapse rate of 6.5 °C/km was used in all the sub-basins except in Tamakoshi subbasin. The lapse rate for Tamakoshi sub-basin (5.32 °C/km) was generated using temperature data from Jiri and Tsho Rolpa stations.
Critical temperature or base temperature (T CRIT )
Critical temperature distinguishes the precipitation event as rain or snow. The critical temperature of 0°C was assumed for all zones in this study.
Time lag (L)
The time lag verses catchment area for this study was calculated using a regression plot of basin area and the time lag generated for inter-comparison test (WMO, 1986) as shown in Figure 3 . The time lag for Tamor, Arun, Dudhkoshi, Tamakosi and Sunkoshi sub-basins are 13.33, 15.92, 13.10, 12.11, 13.48 hours, respectively. 
Degree day factor (a)
The index temperature and the degree-day factor determine the melt depth from snow and are generally different for snow and ice. It is not a constant parameter but varies seasonally i.e. it changes with changing snow properties during snowmelt season (Martince et al., 2008) and also with respect to elevation (Kayastha, 2003) . The degree day factors for snow and ice in the study ranges from 0.7-1.05 cm/°C/day and is distributed with respect to elevation (Kayastha et al., 2005) . The different values of degree day factor as recommend by Kayastha et al. (2005) were used in this study and are given in Table 2 . The simplest and the most common expression relating daily snowmelt to the temperature index is shown in Equation ( Where, M =Melt produced in cm of water in a unit of time; = Degree-day factor day); = Index air temperature (˚C); = Base temperature (˚C) 1.05 0 * May-Sept=1; Oct-Apr = 0 * Elevation <4000 m &> 5000 m = Snow; Elevation 4000-5000 = ice a = degree day factor; RCA = Rainfall contributing area SOHAM-Nepal range of 4500-5500 m, RCA value of 1 was also used during the month of May to September (Table 2 ). This indicates the ripe condition of the snowpack that is ready to melt and all precipitation that falls during the simulation period will immediately be transformed into runoff and will not be stored in the snowpack. A zero value was used for elevation above 5500 m because all precipitation above this elevation was considered as snowfall (Table 2 ). This signifies the dry condition of the snow pack and that all fall will be absorbed and added to the snowpack.
Recession coefficient (k)
Recession coefficient (k) was determined through historical discharge data where the observed stream flow on day n+1 is divided by discharge on day n of 1 was used for elevation up to 4500 m. For elevation 1 was also used during the month of May to September ndition of the snowpack that is ready to melt and all mulation period will immediately be transformed into snowpack. A zero value was used for elevation above ve this elevation was considered as snowfall (Table 2) .
snow pack and that all fall will be absorbed and added and by plotting discharge on n day with discharge on n+1 day. A slight adjustment of parameter within a range was made to generate a best fit result for basins during calibration. The range of estimated values of x and y are from 0.98 to1.58 and from 0.004 to 0.138 respectively. 10 area (RCA) g area, a value of 1 was used for elevation up to 4500 m. For elevation , RCA value of 1 was also used during the month of May to September tes the ripe condition of the snowpack that is ready to melt and all during the simulation period will immediately be transformed into stored in the snowpack. A zero value was used for elevation above ecipitation above this elevation was considered as snowfall ( Table 2) .
ondition of the snow pack and that all fall will be absorbed and added To simplify the calibration process, assumption of equal value of runoff coefficients have generally been practiced in previous studies. Yichi et al. (2007) used similar values of runoff coefficient for snow and rain in Kaidu river basin (0.5-0.75) with respect to elevation. Similarly, Martinec et al. (2008) in Illecillewaet basin of Canada (0.7 for Jul-Sept/0.8 for Oct); Agrawala et al. (2014) in Baghirathi basin in India (0.1-0.8) had also used same value for snow and rainfall runoff coefficients. As used in other studies, equal values of runoff coefficients were used in this study too. A daily and monthly calibrated and validated hydrographs of Dudhkoshi River is depicted as an illustration in Figures 4a and 4b respectively. A scatter plot of observed and simulated flows of daily data of Dudhkoshi sub-basin is also shown in Figure 5 . These graphs depict a fair simulation of runoff by SRM model. The calculated Nash Sutcliffe coefficient of efficiency (NSE) and percentage of volume difference (D v ) for all sub-basins as
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given in Table 3 also indicates a close agreement between the observed and simulated runoff by the model.
RESULTS AND DISCUSSION
Runoff simulation
Based on statistical and graphical evaluations (Table 3 and Table 4 ; Figure 4 and Figure5) the model has been fairly able to simulate the flow during both calibration and validation period. The model has adequately represented most of the monthly values with the exception of some low and high flow values where it tends to over or underestimate the historic conditions (Table 4 ). The SRM model has slightly under estimated the mean annual flow that ranges from -1.85% to -4.75% (Table 4) in all sub-basins except in Tamor Tamakoshi SOHAM-Nepal sub-basin which is slightly over estimated by 4%. Graphically the base flow has been well simulated by the model while the few extreme peaks during the summer months are under estimated. Underestimation of peak stream flows has been highly experienced by SRM model users worldwide. These sharp variations in daily stream flow are may be due to more precipitation as rainfall in the lower part of the sub-basins. While in upper part of the sub-basins where SCA is in pre-dominant, the winter snow pack melts in longer duration of time and the new snow in summer melts in just one or two days that leads to peak flows. Also these extreme peaks might be due to flooding cases or due to abrupt release of stored water following failure of some natural impoundments like glaciers, glacial moraines and mass movement deposits (Shilpakar et al., 2009; Tahir et al, 2011) which have not been accounted by the model. When the extrapolated temperature becomes lower than the critical temperature, the model also fails to capture the sharp peaks (Martinec, 2008) while in reality critical temperature varies with respect to elevation as well as season and can often go beyond 0˚C. So using 0˚C as threshold for all elevation ranges in this study might have underestimated the result.
Characteristics of flow in baseline period
The hydrograph of observed flow ( Figure  6 ) during the baseline period of 2000-2008, demonstrates maximum peak flow during the month of August in all sub-basins expect in Dudhkoshi sub-basin which is during the month of July. Of the total flow, 68-79% of flow occurs in monsoon season, while rest of the flow i.e. 21-32% occurs in other seasons. This implies that the runoff is highly influenced by monsoon rainfall in the study basins. This phenomenon is common in almost all rivers in Nepal.
The mean discharge during the baseline period ranges from 142.1-235.7 m 3 /s, with the highest value in Tamor sub-basin and the lowest one in Tamakoshi sub-basin (Table 4) 
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River at Chatara was also found (Devkota and Gyawali, 2015; Sharma et al., 2000a) which is the cumulative effect of the flow in these basins where the flows of all these five rivers ultimately accumulate.
Characteristics of flow during projection period
A daily bias corrected temperature and precipitation data of PRECIS-ECHAM05 (Case I) and PRECIS-HadCM3 (Case II) for the period of 2041 to 2060 were used for future discharge simulations. The simulated result shows that there is a high possibility of increase in mean stream flow for the period of 2041-2060 in comparison to the baseline period (comparison was made with simulated flow to give consistency) in three sub-basins Tamor, Tamakoshi and Sunkoshi (Table 5) .
On the contrary, results indicate a probability of declining annual mean discharge in Arun and Dudhkoshi sub-basins for both cases. This decline in runoff could be possibly due to inadequate precipitation representation over the basin. Moreover runoff values obtained from the simulation using APHRODITE precipitation data was also found lower than the one simulated with the observed precipitation data in Hunza and Tamor river basin (Tahir et al., 2011; Pandey et al., 2013) . Thus this could be the possible reason for decline in discharge in Arun subbasin. Since Dudhkoshi sub-basin varies greatly ranging from 432 to 8848 m asl, precipitation input data acquired from stations located nearly below 2500m might be the major source of uncertainty, leading to decline in total runoff.
The increase in mean flow is expected to be more than 50% (56% in Case I and 45% Case II) in Tamokoshi river while it may go as low as 25% (22% in Case I and 30% in Case II) in Dudhkoshi River (Table 4 and 5). However the change in total flow contributed by all sub-basins to the Koshi River is less than 5% (2% in Case I and -4.9% in Case II). Trend analysis shows an increase in stream flow in all sub-basins. Based on Case I, the mean annual discharge is expected to increase at a rate of 3.68, 1.87, 2.17, 2.70, 1.05 m To assess the magnitude and frequency of flows in 2041-2060 periods (Table 5) , comparison of high flows (Q max in Table 5 ) with respect to Table 4 ) was carried out. The results indicate greater magnitude of peak flows (Q max ) in future in all sub-basins except in Arun sub-basin in both cases. In Tamakoshi and Tamor subbasin, it may be more than 4 times for Case I and more than double in Case II. For Sunkoshi and Dudhkoshi sub-basin, it would be nearly double in both cases. Furthermore, these peak flows are much greater in Case I (ECHAM05) as compared to Case II (HadCM3). Similarly, the frequency (N in Table 5 ) of high flows in projected period is expected to be more. The numbers of such high flows ranges from 4 (Arun river) to 147 (Tamakoshi river) for Case I and for Case II, it ranges from 0 (Dudhkoshi river) to 170 in (Tamakoshi river). Analysis of extreme events of precipitation data using probability of exceedance, in the Koshi basin, had depicted increase in frequency of such events in PRECIS-ECHAM05 (2020 -2060 and PRECIS-HadCM3 (2030 -2060 ) data compared to historical observed data (NDRI, 2013) . Thus increases in frequency of extreme floods in this study are in correspondence to the extreme events of the RCM data. It thus, points out the need of appropriate flood management in the plain areas of Nepal and even in India, while constructing any water resources management works in this basin.
IMPACT OF CLIMATE CHANGE
At the start of the study, the flow data from DHM were only available up to 2008 while the snow covered data were available from March 2000 to December 2011. Baseline simulation using SRM model could, therefore, be done from 2000 to 2008 i.e. for 9 years (nearly one decade). To have consistency in the comparison of future flow and snowmelt characteristics with respect to corresponding baseline values as well as to assess if there is any difference in these phenomena in considered projected period, simulation period 2041-2060 was divided into two decadal spans i.e. 2041-2050 and 2051-2060 . In the following sub-sections comparison of flow and snowmelt phenomena are made accordingly. Table 6 compares the annual and seasonal percentage change in snowmelt for ECHAM05 and HadCM3 data in the projected periods from the baseline values. Figure 7 shows the snowmelt hydrograph of Dudhkoshi sub-basin for two climate data in two different decades.
Impact of climate change on snowmelt
Annual hydrograph of snowmelt generally shows two peaks: a) during spring season when snowmelt beings to rise after a winter minimum and b) during monsoon months when the temperature is at its peak. Snowmelt results data. Figure 8 shows the annual variation of temperature and precipitation data for the period of 2031 to 2060 in Dudhkoshi basin, where the two climate model though show a consistent pattern of increasing, they highly differ in terms of their annual value. Thus the differences in the flow projection relates to the variation in two climate data.
There are only 9 cases out of 100 that show negative values in Table 6 . It clearly indicates that the melting of snowpack in the future would be higher than that of the baseline period. The melt rate is predicted to be more in 50's than in 40's decade in all seasons and in all subbasins for both cases. This increase in melting is highly attributed to increased warming trends projected in the sub-basins.
Impact of climate change in catchment flows
The percentage change in predicted annual as well as seasonal flows with respect to corresponding baseline values in all sub-basins for both ECHAM05 and HadCM3 are given in Table 7 . The simulation results projects decrease in monsoon flows in first decade in all sub-basins expect in Tamakosi sub-basin. However, this is likely to increase after 2050 in Tamor, Tamakoshi and Sunkoshi sub-baisn. The Figure 8 . Seasonally, 
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the rate of increase in stream flow is witnessed mostly during the pre-monsoon months followed by the post-monsoon season in most of the sub-basins. Also the earlier rise in stream flow might be due to increased temperature that reduces the snowpack accumulation during monsoon months and increases the melting process during spring and summer months. The rate of increase, based on HadCM3 data are less as compared to the ECHAM05 data. Variation in rainfall pattern (Figure 7 ) in projected data (NDRI, 2013) might be highly responsible for such seasonal variation in flows generated by the model.
CONCLUSION
Snowmelt Runoff Model was successfully applied in five sub-basins of Koshi River basin to assess the impact of climate change on snow hydrology. The simulated result shows that there is a high possibility of increase in mean stream flow for the period of 2041-2060 in comparison to the baseline period in three sub-basins Tamor, Tamakoshi and Sunkoshi while decline in the flows in Arun and Dudhkoshi sub-basins in future under the impact of climate change. The magnitude of peak flows (Q max ) in future will be much more in all sub-basins except in Arun subbasin. In Tamakoshi and Tamor sub-basin, it may be more than 4 times greater than the historical maximum daily flow. Similarly, the frequency of peak flows in projected period is expected to increase considerably. The highest percentage change in flow is expected to be in Tamakoshi sub-basin in all seasons except in winter. It may be more than double (158%) in the pre-monsoon period. Minimum change is expected in Tamor among the five sub-basins and in winter season among the four seasons, in general. Further the simulated results clearly indicate that there is a high possibility of having more flows and contribution from snowmelt in 50's decade than those of 40's decade, both annually and seasonally. The future flow estimated by ECHAM05 is found larger than those estimated by HadCM3, thus indicating the uncertainty in the climate model leading to uncertain projections. 
